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Drilling fluidAbstract Foam has emerged as an efficient drilling fluid for the drilling of low pressure, fractured
and matured reservoirs because of its the ability to reduce formation damage, fluid loss, differential
sticking etc. However the compressible nature along with its complicated rheology has made its
implementation a multifaceted task. Knowledge of the hydrodynamic behavior of drilling fluid
within the borehole is the key behind successful implementation of drilling job. However, little
effort has been made to develop the hydrodynamic models for the foam flowing with cuttings
through pipes of variable diameter. In the present study, hydrodynamics of the foam fluid was
investigated through the vertical smooth pipes of different pipe diameters, with variable foam
properties in a flow loop system. Effect of cutting loading on pressure drop was also studied. Thus,
the present investigation estimates the differential pressure loss across the pipe. The flow loop
permits foam flow through 25.4 mm, 38.1 mm and 50.8 mm diameter pipes. The smaller diameter
pipes are used to replicate the annular spaces between the drill string and wellbore. The developed
model determines the pressure loss along the pipe and the results are compared with a number of
existing models. The developed model is able to predict the experimental results more accurately.
 2016 Egyptian Petroleum Research Institute. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Foam finds its application as an efficient fluid in drilling of low
pressure, marginal or highly fractured fields because of its inher-
ent advantages over conventional drilling fluids [1–3]. It has the
ability to reduce formation damage, lost circulation, differential
sticking etc. Moreover, it can control the effective circulation
density of the drilling fluid which helps in maintaining the
desired bottom hole pressure [4–7]. Thermodynamically, foamEgypt. J.
Nomenclature
DP, p, op pressure, M/Lt2
DX, L, ox conduit length, L
D pipe diameter, L
r pipe radius, L
A area of cross section, L2
g acceleration due to gravity, L/t2
qf density of foam, M/L
3
qs density of solids, M/L
3
k consistency index, Mtn2/L
n behavior index, dimensionless
sw wall shear stress, M/Lt
2
so initial shear stress, M/Lt
2
uf foam velocity, L/t
us velocity of solids, L/t
VE entrainment velocity of solids
Q flow rate of foam, L3/t
Cs volumetric concentration of solids, dimensionless
Cf volumetric concentration of foam, dimensionless
lf viscosity of foam, M/Lt
s foam quality, dimensionless
bc slip correction factor, L
3/Mt
f friction factor, dimensionless
N number of data points
SD Standard Deviation
s solids
f foam
2 A. Saxena et al.is an unstable system in nature which is formed by trapping
pockets of gas in a liquid film of base fluid. Addition of surfac-
tant and polymers to the base fluid helps to enhance the stability
and apparent viscosity of the foam to a great extent [8–10].
The high viscosity of foam enables the efficient cutting
transportability but at increased pressure drop [11–13]. Com-
pressible nature and complex rheological properties of the
foam makes the predictions of its performance a difficult task
[14,15]. Change in shearing affects the rheology and pressure
losses during the flow of foam for a given foam quality
[12,16]. Studies are being performed to predict the hydrody-
namic behavior of the foam along with its cutting transport
ability when subjected to different shear rates and flow veloc-
ities [17–19]. Foam quality which is the fraction of gas
entrapped in liquid film, plays a vital role in governing the
behavior of foam under flow condition. In dynamic bore hole
condition, it is very hard-hitting job to have a control over
fluid rheology and foam quality to understand the hydrody-
namics of fluid. Detailed investigation is necessary to under-
stand the foam hydraulics with variable injection rates, pipe
diameters, cutting loading, foam characteristics etc.
In literature, different investigations on rheological foam
flow behavior have been reported to model the rheological
characterization of foam in recent years. But, the disagreement
among the different studies and flow models in the literature is
due to the complexity of foam hydrodynamics owing to the
difference in analytical approaches and experimental setups.
The two techniques that have been used for studying the
hydrodynamics of the foam are primarily qualitative approach
and volume equalized approach [20,21]. In Qualitative
approach the foam is considered as single phase fluid charac-
terized by its quality. In volume equalized approach the foam
normalizes the quality using the volume expansion ratio which
is defined as the ratio of density of liquid to that of foam. This
approach is valid for all foam qualities. Valko and Econo-
mides and Saintpere have utilized this volume equalization
principle for estimating the pressure losses for foam flowing
through the pipe at different inclinations, while some other
researchers like Blauer and Shanghani have utilized the quality
approach for the same. The experimental results documented
by Ozbayoglu are compared with the existing model. The exist-
ing model is able to predict the actual hydrodynamics for all
experimental variations in flow rate, foam quality, pipe diam-
eter and cutting loading properties [19,22–25].Please cite this article in press as: A. Saxena et al., Experimental and modeling hydrau
Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.04.006In the present study an indigenously designed flow loop sys-
tem was used for the study of differential pressure losses across
the pipe for foam flowing through it with and without the cut-
tings. The qualitative approach was used for further study of
the hydrodynamic behavior. The foam flow inside the pipe is
treated as a homogeneous system, whereas, multiphase flow
is considered when solid cuttings were introduced into the sys-
tem [26,27]. Unlike other studies, the foam under present study
was able to carry most of the cuttings loaded along with it. The
cuttings were observed to be trapped within the gelled struc-
ture of the foam. In order to predict the best hydraulic model
applicable for the foam flow, two of the best fitted models –
qualitative and volume equalized systems are compared with
the experimental data [25,29,30]. The estimated results exhibit
an appreciable deviation from the experimental data. A new
model has been developed to estimate the differential pressure
loss across the test section using the principles of conservation
of mass and momentum. The developed model is found to
predict the pressure losses for the foam flow with and without
cuttings more accurately compared to the existing models.2. Material and method
2.1. Material
Different chemicals used for the present investigation were of
high purity (>99.5%) and were used without further treat-
ment. Anionic surfactant SDS (sodium dodecyl sulfate) was
purchased from Fisher Scientific, Mumbai, India. The non-
ionic polymer, Hydroxy Ethyl Cellulose used in the present
study was obtained from Otto Kemi, Mumbai, India. KCl
was purchased from Qualigens Chemicals Pvt. Ltd., India.
The Coal Cuttings were collected from a coalbed methane
(CBM) drill site and was sieved for a size (8/10) with an aver-
age diameter of the cuttings to be 2 mm. The density of coal
cutting was determined to be 2.18 g/cm3.
2.2. Experimental setup
Investigation of foam flow through vertical pipe was con-
ducted on an indigenously designed flow loop as shown in
Fig. 1. It consists of a test section (18) made up of an acrylic
pipe 2.2 (length = 2 m, diameters = 50.8 mm, 38.1 mm andlic studies of foam drilling fluid flowing through vertical smooth pipes, Egypt. J.
Figure 1 Block diagram of the experimental setup, 1. Pump (15 Lpm), 2. Liquid flow meter, 3. Air flow meter, 4. Air compressor, 5. Air
flowline, 6. Foam flow line, 7. Foam generator, 8. Liquid heater, 9. Liquid tank, 10. Foam transfer line to test section, 11. Cutting inlet
tank, 12. Pressure transducer at inlet of test section, 13. Pipe rotation axis, 14. Pressure transducer at outlet of test section, 15. Cutting
collection tank, 16. Inclination measurement, 17. Test section stand, and 18. Acrylic pipe test section.
Experimental and modeling hydraulic studies 325.4 mm), a pump (1) with a capacity of 15 LPM along with a
compressor (4) of capacity 60 psi, a foam generator (7), a cut-
ting inlet tank (11) and a cutting collection tank (15). For the
present study, the test loop was kept at an angle of 90, and the
pressure loss due to the foam flow with or without the cuttings
was noted from pressure transducers (12 and 14) for different
foam qualities and flow rates. Foam generator consisted of
nozzles with a number of openings in which the streams of sur-
factant solution and compressed air were fed. The pressurized
air and liquid produces the foam with almost uniform bubble
size. The foam of desired quality was generated by controlling
the flow rates of surfactant solution and the pressurized air.
Cuttings were injected at the inlet of test sections using com-
pressed air to prevent lump formations. Cuttings were col-
lected downstream in a unit volume collection tank which
was fitted with a sieve to retain the cuttings. The cuttings were
washed using a stream of fresh water, dried and weighed to
estimate the percentage of cuttings retrieved from the outlet.
All the experiments were performed at 30 C± 2 C.
2.3. Determination of viscosity
The Bohlin Gemini Rheometer with the ability to perform
assays at different shear rates ranging from 1 to 1000 rpm
was used for determination of foam dynamic viscosity and
shear stresses at various shear rates. The sample was mounted
between the parallel plates of the rheometer. The command is
fed through the device operating software and the assay was
performed automatically. The results were exported to a
Microsoft excel sheet for further study. The plot of shear stress
versus shear rates were utilized to calculate the behavior index
(n) and consistency index (k) that are utilized to predict the
hydrodynamic behavior of the flowing foam.
2.4. Test procedure
The base liquid was prepared by adding a known composition
of surfactant SDS (0.3 wt.%) and HEC (0.2 wt.%) polymer inPlease cite this article in press as: A. Saxena et al., Experimental and modeling hydrau
Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.04.006distilled water. The constituents were mixed in a tank fitted
with an agitator. The flow rates from the air compressor and
surfactant injection pump were adjusted to get the desired
quality of foam at the desired flow rate. The flowing foam
was then introduced at the pipe inlet (section 18) and was
allowed to attain steady state. The upstream and downstream
pressures were recorded with the help of pressure transducer
(12 and 14). The cuttings of predetermined weight and size
were fed into the test section from the cutting tank (11) using
a stream of air from the compressor (4). Again the pressure
change in the transducers was noted. The transferred cuttings
were collected in the tank of known volume (15). These cut-
tings were washed using water over a sieve and dried. The
dried cuttings were weighed to calculate the retained percent-
age of cutting that were fed at the inlet. Fig. 2 depicts the flow-
chart of the working process of the designed setup.
3. Foam hydraulic model
The pressure drop is the most important parameter which is
required to be accurately determined for the proper selection
of pump, drill bit design, safety aspects, drilling rate and many
other parameters. A number of models are available in the lit-
erature depending on drilling system, and drilling fluid charac-
teristics which can be used to estimate the pressure drop due to
foam flow through the pipe [31–34]. However, as foam is very
new drilling fluid, a fewer number of hydraulic models are
available which can effectively predict pressure drop in the
actual condition of cutting transport.
Existing models are mostly based on different experimental
setup which are used for predicting the pressure drop for foam
flowing through the horizontal pipes, though foam fluids are
being used for different types of wells i.e. vertical, horizontal
or inclined. Moreover, the compressible nature of foam makes
the study of its hydraulics a multifarious job. It becomes more
complex when the hydraulics of foam needs to be predicted for
foam flowing at different inclination angles. The present study
proposed a model for predicting pressure drop during foamlic studies of foam drilling fluid flowing through vertical smooth pipes, Egypt. J.
Figure 2 Flowchart for running the system.
4 A. Saxena et al.flow in vertical pipes of different diameters. The pressure drop
model is defined for foam flowing with and without cuttings
through the vertical pipes. A comparative study of Sanghani
model, Gardiner model experimental results and predicted
results using the new model is illustrated in the article. These
models are described briefly for better understanding [35,36].
3.1. Sanghani model
This model assumed foam to be a single phase pseudo plastic
fluid and provided the data for the pseudoplastic parameter,
i.e. consistency indices (k) and behavior index (n). Effect of
pipe inclination angle was also not incorporated and nothing
was said about the velocity regime (turbulent or Laminar).
Pressure drop was calculated using Eq. (1) [37]
DPf
DL
¼ 4K
D
8ð3nþ 1ÞQ
pnD3
 n
ð1ÞPlease cite this article in press as: A. Saxena et al., Experimental and modeling hydrau
Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.04.0063.2. Gardiner model
Assuming the pseudoplastic nature of the fluid, and neglecting
axial velocity, Gardiner and coworkers had utilized the
momentum balance equation for determination of pressure
drop. Rheology of the fluid is described by Eq. (2) utilizing
the volume equalization principle [36]
sw ¼ ke1n du
dr


n1
du
dr
ð2Þ
The pressure drop is determined by the following Eq. (3) at
an isothermal condition:
Q ¼ 2p
Z r
0
urdr
¼ pr2 uslip þ n
3nþ 1 
dp
dx
 
Rnþ1en1
2k
 1
n
( )
ð3Þlic studies of foam drilling fluid flowing through vertical smooth pipes, Egypt. J.
Experimental and modeling hydraulic studies 5This equation relates the volumetric flow rate to the pres-
sure drop which is corrected for slip according to Oldroyd–
Jasterzebski correlation as given in Eq. (4) [34]
Q
pr3sw
¼ bc
r2
þ 1
s4w
Z sw
0
s2fðsÞds ð4Þ
The term bc is the slip correction factor which annulled the
effect of slip in the pipe during the flow and helps in correctly
measuring the foam flow rate. Eq. (4) forms the basis of Eq. (3).
3.3. Analyzing the wall slip effect
A thin layer has been observed in the vicinity of the pipe during
the flow of foam through it. The presence of a thin layer results
in the reduction of viscosity of foam in an immediate proximity
of the tube wall. Results of this are analogous to those that
would be expected if actual slip between the fluid and surface
is taking place. But true slip in not believed to occur, such phe-
nomenon is referred to as effective slip near the tube wall. Cor-
rections need to be incorporated if such a phenomenon is
observed [34]. Measurements from different smaller diameter
pipes predominantly display the absence of wall-slip in the
experimental results, which does not affect the shear rate at a
given wall shear stress or alleviate the pressure loss at a given
flow rate. Results obtained from repeated experiments showed
maximum discrepancy of ±10% in pressure loss measurements
as illustrated from Fig. 13. Shear thinning behavior of the
foams was more pronounced as the foam quality was increased.
The foams exhibit high viscosity at low shear rate, which is
needed to transport rock cuttings to the surface.
Generally a plot of wall shear stress, sw versus Newtonian
wall shear rate, cw is used to determine the presence of slip.
sw and cw are given by Eqs. (5) and (6)
sw ¼ DPD
4L
ð5Þ
cw ¼
8v
D
ð6Þ
If slip is observed during the flow of foam through pipes the
measured foam flow rates need to be corrected before utilizing
them in generating flow curves elaborating the relationship
between the shear stress and shear rates. The measured flow
rates are corrected to give the actual flow rate which would
have been observed if no slip condition was there using the
Eq. (7)
Qc ¼ Qm  bcswpR2 ð7Þ
Figs. 3–5 show the representative plots between sw and cw for
the foam qualities of 75%, 83% and 88% flowing through the
vertical pipes of different diameters. It illustrates that similar
trend lines are obtained for pipes of diameters 25.4 mm,
38.1 mm and 50.8 mm indicating the absence of slip effect [34,37].
If slip has been observed then bc needs to be determined for
correcting the observed flow rates. The bc is calculated using
the three step procedure given by the Oldroyd–Jasterzebski
correlation [38].
(a) cw versus 1/D
2 at constant sw was plotted.
(b) The slope of least square straight lines will give the
numerical value of 8bc sw.
(c) Now bc can be obtained dividing the slope by 8sw.Please cite this article in press as: A. Saxena et al., Experimental and modeling hydrau
Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.04.0063.4. Development of flow model
Several studies in the literature have reported to utilize a two
layer approach for estimating the pressure losses across the
pipe for foam flowing through it along with the cuttings. But
in case of foam transporting the cuttings in vertical pipe no
cutting bed was observed. So the existing model dose not sup-
port the current experimental work. The conservation of mass
and momentum approach is being utilized for developing the
model [28]. The following assumptions are being used to
develop the desired relation.
1. Foam is a homogeneous non-Newtonian fluid whose rheol-
ogy can be represented by a power law model.
2. The cuttings are assumed to be spherical with uniform sizes,
shape and velocity at any instant during their transporta-
tion through the pipe.
3. No slippage exists between the foam and cuttings.
3.4.1. Continuity and momentum equations
Continuity and momentum equations, which describe the flow-
ing conditions of foam and drilling cuttings, are modified from
those given for general multi-phase flow problems by Brennen
[28]. Eq. (8) represents the conservation of mass for suspended
solids
@ AqsCsð Þ
@t
þ @ AqsusCsð Þ
@x
¼ ADSs ð8Þ
DSs ¼ qsvECs
A
ð9Þ
Eq. (10) represents the conservation of mass for foam
@ AqfCf
 
@t
þ @ AqfufCf
 
@x
¼ ADSf ð10Þ
DSf ¼
qfvECs
A
ð11Þ
Now applying conservation of momentum for suspended
solids and foam
@ qsu
2
sCs
 
@x
þ @ qsusCsð Þ
@t
¼ Cs @p
@x
 Csqsg
1
2
qsu
2
s fsCs
X
A
ð12Þ
@ qfu
2
f Cf
	 

@x
þ @ qfufCf
 
@t
¼ Cf @p
@x
 Cfqfg
1
2
qfu
2
f ffCf
X
A
ð13Þ
Eqs. (12) and (13) are added to eliminate the drag force
between the foam and solid particles
@ qsu
2
sCs þ qfu2f Cf
	 

@x
þ @ qsusCs þ qfufCf
 
@t
¼ ðCs þ CfÞ @p
@x
 Csqs þ Cfqf
 
g
 1
2
X
A
qsu
2
s fsCs þ qfu2f ffCf
	 

ð14Þ
Under steady state condition
@p
@x
¼  Csqs þ Cfqf
 
g 1
2
X
A
qsu
2
s fsCs þ qfu2f ffCf
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Figure 3 Shear stress vs. shear rate plot for 75% foam quality.
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Figure 5 Shear stress vs. shear rate plot for 88% foam quality.
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Figure 4 Shear stress vs. shear rate plot for 83% foam quality.
6 A. Saxena et al.The cuttings and foam are assumed and observed to flow as
a homogenous system. Therefore,
us ¼ uf ¼ u
fs ¼ ff
@p
@x
¼  Csqs þ Cfqf
 
gþ 1
2
X
A
u2f
 
ð16aÞ
The finite difference formulation of Eq. (16) is written as
Pdp;i  Pdp;iþ1
DX
¼  Csqs þ Cfqf
 
gþ 1
2
X
A
u2f
 
ð16bÞ
The finite difference formulation is solved using the Gauss
Seidel elimination tool present in the matlab software. The
individual equations are solved for i= 10, where i is the
number of iteration performed. This modified equation wasPlease cite this article in press as: A. Saxena et al., Experimental and modeling hydrau
Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.04.006able to predict the pressure drop in vertical pipes more
accurately.4. Results and discussion
4.1. Foam rheology
The study of rheological properties of a compressible fluid like
foam is necessary before estimating its hydrodynamic proper-
ties. The produced foam was studied in a Bohlin Gemini vis-
cometer to estimate the dynamic viscosity of foam and its
variation in shear stresses with increasing shear rate. The aver-
age foam qualities under consideration were 75%, 83% and
88%. The quality of the foam is defined as the volume fraction
of gas phase of foam and is given by Eq. (16). The higher the
foam quality, the higher the gas content of the foam. Foamlic studies of foam drilling fluid flowing through vertical smooth pipes, Egypt. J.
Experimental and modeling hydraulic studies 7quality ðsÞ can also be given by the expression given in Eq. (17)
[39,40,42]
s ¼ VgðT;PÞ
VgðT;PÞ þ VlðT;PÞ ð17aÞ
s ¼ ql  qf
ql  qg
ð17bÞ
In the present study, Eq. (17) by Bonilla was utilized to
determine the foam quality at various instants [41] The plot
of shear stress vs. shear rate and viscosity vs. shear rate for dif-
ferent foam qualities is shown in Figs. 6–11. It can be illus-
trated from Figs. 6–8 that with an increase in foam quality
the shear stress shows an increment for same shear rate thereby
providing enhanced foam viscosity. The experimental data
points were plotted and the curve fitting technique was used
to determine the best suited model for explaining the0
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Please cite this article in press as: A. Saxena et al., Experimental and modeling hydrau
Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.04.006rheological behavior of foam based drilling fluid. From the
curve fitting technique, it was evident that the experimental
results follow the power law which is given by Eq. (18) [24,43].
sw ¼ k du
dy
 n
ð18Þ
Figs. 9–11 illustrate that the foam depicts the shear thinning
behavior as its viscosity decreases with increases in shear rate.
The shear thinning properties are desirable for an efficient
functioning of the drilling fluid under dynamic wellbore condi-
tions [16].
4.2. Pressure losses with and without cuttings
During the course of experiment for every run a known weight
of cuttings was fed at the inlet from the cutting input tank aty = 1.6558x0.5976
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8 A. Saxena et al.the inlet of section 18. The transferred cuttings were collected
in a known volume container and weighed cautiously to avoid
experimental error. With the help of experimental data the fric-
tion factor (f) was estimated according to the Eq. (19) for
development of flow model. Reynolds number (Re) was calcu-
lated for the foam flow loop according to the correlation pro-
vided by Guo in Eq. (20) [44].
f ¼ 2 DPD g
DL qf  v2f
ð19Þ
Re ¼
qfvfD
lf
ð20ÞPlease cite this article in press as: A. Saxena et al., Experimental and modeling hydrau
Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.04.006The Effective viscosity of the foam is estimated using the
correlation provided by Sun and is represented in Eq. (21).
This utilizes the rheological parameter of power law fluid,
behavior and consistency index obtained from the flow curves
developed by Bohlin Gemini Rheometer [45].
lf ¼ 1:488164k
nþ 1
3n
 n
 12vf
D
 n1
ð21Þ
It was observed that in all cases the calculated Reynolds
number is less than 2100 which indicates the presence of
laminar flow regime during the flow of foam based drilling
fluid.lic studies of foam drilling fluid flowing through vertical smooth pipes, Egypt. J.
Table 1 Comparative study of the pressure drops calculated using different techniques across the vertical pipes.
Pipe die
(mm)
Foam
quality
Foam velocity
(cm/s)
Pressure drop per unit length (Pa/cm)
Shanghai
model
Gardiner
model
Experimental New model
Without
cuttings
With
cuttings
Without
cuttings
With
cuttings
25.4 75 26.9 32.4 9.6 19.0 25.5 18.7 25.2
39.0 40.8 12.1 22.1 31.7 23.2 31.2
72.1 59.8 17.7 32.4 46.5 33.3 44.9
91.3 69.3 20.5 39.6 50.3 38.4 51.7
38.1 19.3 16.0 4.0 5.9 9.3 6.2 8.4
28.4 20.3 5.1 7.9 11.0 7.6 10.2
42.4 26.0 6.6 9.0 12.1 9.3 12.5
52.9 29.8 7.6 10.7 15.9 10.5 14.1
50.8 7.1 6.0 1.4 2.4 3.1 2.6 3.5
11.1 7.9 1.8 2.8 3.8 3.0 4.0
17.2 10.4 2.4 3.4 4.5 3.5 4.7
24.4 12.9 2.9 4.1 5.2 4.0 5.4
25.4 83 34.6 35.0 14.1 18.6 27.9 18.9 29.2
45.2 41.3 16.6 21.7 31.7 22.2 34.2
75.1 56.5 22.7 27.9 47.2 30.0 46.2
94.8 65.2 26.2 33.1 54.1 34.5 53.2
38.1 27.0 18.2 6.5 5.9 10.7 6.2 9.7
36.4 21.9 7.8 6.9 11.0 7.3 11.4
44.1 24.7 8.7 8.6 12.8 8.1 12.7
68.0 32.2 11.4 9.7 17.6 10.3 16.1
50.8 13.4 8.3 2.6 2.8 3.8 2.5 3.9
18.9 10.2 3.3 3.1 4.1 2.9 4.5
28.3 13.1 4.2 3.8 5.9 3.5 5.4
38.0 15.8 5.0 4.1 6.9 4.0 6.2
25.4 88 39.9 34.9 24.8 19.7 32.8 18.7 32.4
55.2 42.3 30.0 24.8 38.3 22.5 38.2
91.0 57.0 40.5 32.8 53.4 30.1 52.5
113.6 65.1 46.2 37.9 61.4 34.3 59.7
38.1 27.9 17.3 10.5 6.6 10.7 5.7 10.1
41.0 21.8 13.2 7.9 13.1 7.0 12.5
59.9 27.4 16.5 9.7 14.8 8.7 15.3
79.5 32.4 19.5 11.4 19.0 10.2 17.9
50.8 17.9 9.4 5.1 2.8 4.5 2.5 4.4
24.7 11.4 6.1 3.1 5.2 2.9 5.1
36.1 14.4 7.7 3.4 5.5 3.5 6.1
48.0 17.0 9.1 4.5 7.6 4.0 7.0
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Figure 12 Comparison of experimental data with model data for 25.4 mm dia pipe and 75% foam quality.
Experimental and modeling hydraulic studies 9
Please cite this article in press as: A. Saxena et al., Experimental and modeling hydraulic studies of foam drilling fluid flowing through vertical smooth pipes, Egypt. J.
Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.04.006
010
20
30
40
50
60
70
0 10 20 30 40 50 60 70
Ex
pe
rim
en
ta
l P
re
ss
ur
e 
dr
op
 (P
a/
cm
)
Predicted Pressure drop (Pa/cm)
Experimental 
vs Predicted
10 % Posive 
error
10 % Negave 
error
Figure 13 Variation in experimental model and theoretical results.
10 A. Saxena et al.Fig. 12 and Table 1 illustrates the comparative illustration
of the variation in pressure drop per unit length of a vertical
pipe with increasing foam velocity for different foam qualities
flowing through the pipes of different diameters. The results
are compared for both the foam flowing with and without
the cuttings.
The systems were studied for transportation of foam with
and without the cuttings. It can be observed from the Fig. 12
and Table 1 that as the foam velocity was increased there
was an increment in the pressure drop for all foam qualities.
This increased pressure drop is due to the enhanced viscosity
of the foam at higher foam quality [34,46,47]. The results
can also be verified from Figs. 6–8. Also, the increased foam
quality results in a decreased density of foam. As the quality
of the foam is enhanced the fraction of air entrapped within
the bubble also increases. This in turn reduces the buoyancy
of foam based drilling fluid, but the viscosity of the foam
increases [32,44]. It can also be observed that there is an incre-
ment in pressure drop when the cuttings are being transported
as compared to individual foam flow. The increased pressure
loss in foam flow by cutting as compared to foam flow without
cutting is attributed to the increased weight per unit volume
owing to the cutting concentration [45,48].
The variation in experimental data with the predicted
results from the new model is depicted in Fig. 13. It can be
easily concluded that the variation is in the admissible range
as depicted by the Standard Deviation, the regression coeffi-
cient value and 10% error line present in Fig. 1320
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4.3. Cutting transport by foam
The cutting transport was studied according to the procedure
mentioned above. After measuring the retrieved coal cuttings
from the outlet of pipe it was observed that a maximum of
39.88 wt.% of the cuttings per unit volume of foam were
retrieved in the vertical pipe of diameter 50.8 mm. The foam
quality for the cutting transport was 88% with a velocity of
16.23 cm/s. A larger percentage of the cuttings were retrieved
by continuing the flow of foam. The cutting transport per unit
volume of foam for different foam qualities at various foam
velocities in vertical pipes is shown in Figs. 14–16. It can be
observed that as the velocity of the foam flow increases there
is a reduction in the delivered cutting concentration per unit
volume of the foam [46,47]. Since, foam is a shear thinning
fluid which means an increase in velocity of foam will result
in an increased shear rate and thus leading to a reduction in
viscosity. This reduction in viscosity in turn reduces the cutting
transport ability of the foam based drilling fluid. Also, as the
diameter of pipe is reduced there is a decrease in cutting trans-
port capability of foam owing to the increased mass of cuttings
per unit volume of foam [30].80 100 120
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τ = 75%
τ = 83%
τ = 88%
Pipe Dia = 25.4 mm
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Figure 15 Variation in cutting transport concentration with changing foam velocity in a vertical pipe of Dia 38.1 mm.
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Figure 16 Variation in cutting transport concentration with changing foam velocity in a vertical pipe of Dia 50.8 mm.
Experimental and modeling hydraulic studies 115. Conclusions
Experiments were carried out to study the foam hydrodynam-
ics for variable foam properties and pressure drop during cut-
ting transport in vertical direction. A new model has been
developed for estimating the pressure drop per unit length of
pipe for foam flowing through it with and without the cuttings.
Following conclusions can be inferred from the present study.
Rheology of foam is an important factor in pressure drop
during foam flow across the pipe. The pressure drop across
the pipe length is a function of foam quality, its rheology, solid
cutting loadings and fluid velocity for obvious reasons as men-
tioned earlier. Hence, proper control of rheology and quality is
necessary to minimize pressure drop across the pipe. This will
also help in efficient transportation of solids cuttings. Existing
models are unable to predict the gelled foam hydraulics accu-
rately. The newly developed model was able to predict the
pressure differential across the acrylic test section successfully
with minimum deviation from the experimental results.
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